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�-Thalassemia and pseudoxanthoma elasticum (PXE)
are distinct genetic disorders. Yet, a dystrophic miner-
alization phenotype similar to PXE has frequently been
associated with �-thalassemia or sickle cell anemia pa-
tients of Mediterranean descent. These calcifications are
clinically and structurally identical to inherited PXE. As
we previously excluded the presence of PXE-causing
mutations in the ABCC6 gene of �-thalassemia patients
with PXE manifestations, we hypothesized that a molec-
ular mechanism independent of gene mutations either
altered the ABCC6 gene expression or disrupted the
biologic properties of its product in the liver or kidneys,
which are the tissues with the highest levels of expres-
sion. To test this possibility, we investigated Abcc6 syn-
thesis in the liver and kidneys of a �-thalassemia mouse
model (Hbbth3/�). We found a progressive liver-specific
down-regulation of the Abcc6 gene expression and pro-
tein levels by quantitative PCR, Western blotting, and
immunofluorescence. The levels of Abcc6 protein de-
creased significantly at 6 months of age and stabilized at
10 months and older ages at �25% of the wild-type
protein levels. We studied the transcriptional regulation
of the Abcc6 gene in wild-type and Hbbth3/� mice, and
we identified the erythroid transcription factor NF-E2 as
the main cause of the transcriptional down-regulation
using transcription factor arrays and chromatin immu-
noprecipitation. The Hbbth3/� mice did not develop
spontaneous calcification as seen in the Abcc6�/� mice
probably because the Abcc6 protein decrease occurred
late in life and was probably insufficient to promote
mineralization in the Hbbth3/� mouse C57BL/6J genetic
background. Nevertheless, our result suggested that a
similar decrease of ABCC6 expression occurs in the liver

of �-thalassemia patients and may be responsible for

774
their frequent PXE-like manifestations. (Am J Pathol

2011, 178:774–783; DOI: 10.1016/j.ajpath.2010.10.004)

�-Thalassemia (MIM 141900) derives from mutations in
the �-globin gene and results in the underproduction of
�-globin chains. Excess �-chains unbound to �-globin
are unstable and precipitate in red blood cell precursors,
forming inclusion bodies that are responsible for the in-
tramedullary destruction of the erythroid precursors and
the ineffective erythropoiesis that characterize �-thalas-
semia. Ineffective erythropoiesis in thalassemia major
and certain intermedia patients results in considerable
marrow expansion, causing bone deformities and iron
overload that is further exacerbated by frequent blood
transfusions.1 �-Thalassemia is widespread throughout
the Mediterranean, Africa, the Middle East, the Indian
subcontinent, and Southeast Asia. In recent years, it has
become apparent that a large number of Mediterranean
patients affected by �-thalassemia or sickle cell anemia
also develop manifestations similar to another inherited
monogenic disorder called pseudoxanthoma elasticum
(PXE).2

The PXE phenotype (MIM 264800) results from muta-
tions in an ATP-binding cassette transporter called
ABCC6.3–5 PXE is a rare autosomal recessive disease
with an estimated prevalence of 1/25,000 to 1/50,000. It is
characterized by skin, ocular, and vascular dystrophic
calcifications affecting predominantly elastic fibers.6 The
PXE phenotype progresses with age and displays high
variability. The skin lesions are the prevailing character-
istics that consist mostly of yellowish papules and/or
plaques on flexor areas, such as the neck, axilla, and
groin.6 The ocular lesions come from elastic fiber calcifi-
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cation and ruptures of the Bruch’s membrane, resulting in
angioid streaks that later evolve toward choroidal neo-
vascularization and retinal hemorrhages, causing loss of
vision.7 The common vascular complications of PXE also
appear to result from the dystrophic calcification of the
internal elastic lamina of small-sized arteries. The broad
spectrum of the vascular phenotype includes arterioscle-
rotic changes with intermittent claudication and more un-
commonly early myocardial infarction and hypertension.8

The causality of the ABCC6 gene was demonstrated in
2000,3–5 and since then the genetic characteristics of
PXE have been well defined.9 However, the actual patho-
logic mechanism that links ABCC6 to ectopic mineraliza-
tion is unknown as the substrate or substrates trans-
ported by ABCC6 has yet to be characterized. ABCC6 is
predominantly expressed in the liver and kidney and
shows little or no expression in tissues affected by
PXE.10–12 This suggests that PXE is a metabolic disorder
with connective tissue manifestations and implies the
presence of an abnormal circulating molecule or mole-
cules that ultimately promotes calcification in peripheral
tissues. We have detected the presence of unidentified
circulating molecule(s) in the serum of adult PXE patients
through their effects on elastic fibers deposited in cul-
tures,13 and others have made similar observations.14,15

Although �-thalassemia and PXE are distinct genetic
disorders, the frequent coexistence of both conditions is
intriguing. Because PXE-like mineralization in �-thalasse-
mia patients arise independently of ABCC6 mutations16

and is clinically and structurally identical to inherited
PXE,17–20 the calcification of elastic fibers is very likely a
phenocopy of inherited PXE. Therefore, we hypothesized
that a converging molecular mechanism independent of
genetic mutations alters the expression of ABCC6 or dis-
rupts the biologic properties of its product in the liver
and/or kidneys as a secondary consequence of the he-
moglobinopathy. To test this possibility, we investigated the
level of Abcc6 synthesis in the liver and kidneys and the
phenotype of a �-thalassemia mouse model (Hbbth3/�) for a
period of 14 months.

Materials and Methods

Animals

Wild-type C57BL/6J mice and the mouse model for
�-thalassemia (designated here as Hbbth3/�) were pur-
chased from Jackson laboratories (Bar Harbor, ME). Both
Hbb-b1 and Hbb-b2 alleles are deleted in Hbbth3/�.21 As
homozygous Hbbth3/� mice die shortly after birth, animals
were propagated and used in this study as heterozygous
Hbbth3/�. The phenotype of these mice is comparable to
the human form of �-thalassemia intermedia.21 The ge-
netic background of Hbbth3/� mice is derived from a
hybrid between the common C57BL/6J and 129Ola
strains. The animals were backcrossed at least eight
times into C57BL/6J background before the beginning of
this study. All mice were kept under routine laboratory
conditions with 12 hours of a light-dark cycle with access

ad libitum to water and standard chow. This study was
approved by the Institutional Animal Care and Use Com-
mittee of the University of Hawaii.

Plasma Membrane Isolation and Western Blot

Plasma membranes from mouse liver and kidney were
prepared following the method of Prpic and col-
leagues.22 Plasma membrane proteins were then sep-
arated by a standard 7% polyacrylamide gel electro-
phoresis. The presence of Abcc6 was revealed using
immunoblots and an anti-Abcc6 polyclonal antibody. Im-
munolabeled proteins were visualized with the enhanced
chemiluminescence system according to the manufac-
turer’s instructions (ECL, Amersham Pharmacia, Piscat-
away, NJ).

Antibodies

The goat polyclonal anti-Abcc6 antibody sc-5787 and the
rabbit polyclonal anti-Abcc6 antibody sc-25505 (Santa
Cruz Biotechnology, Santa Cruz, CA) were used for de-
tection of Abcc6, respectively, for immunochemistry and
Western blotting. For chromatin immunoprecipitation
studies, we used antibodies specific to p45-NF-E2 (C
19), Sp1 (PEP 2), MTF-1 (N 19), HNF1� (H-140), and
HNF4� (H-171) (sc-291, sc-59, sc-26842, sc-10791, SC-
8987), respectively (Santa Cruz Biotechnology).

Immunohistochemistry

Six-micrometer sections were cut from frozen liver and
kidney tissues. After 10 minutes of air-drying, sections
were fixed with cold methanol for 30 minutes at �20°C
and washed in phosphate-buffered saline (PBS), pH 7.4.
The sections were then blocked with a 5% solution of
appropriate normal serum as a blocking reagent (Sigma-
Aldrich, Saint Louis, MO) in PBS for 45 minutes at room
temperature. The primary antibody was incubated over-
night at 4°C (1:200 in PBS with 1% normal serum). The
following morning, sections were washed several times
with PBS with 0.01% Tween 20. Incubation with the sec-
ondary antibody was performed at room temperature for
45 minutes (1:200 in PBS with 1.5% normal serum). After
several washes with PBS with 0.01% Tween 20 and PBS,
the sections were mounted with cover glasses using
mounting medium containing propidium iodide (Vector
Laboratories, Burlingame, CA). Slides were examined
and images were collected using an Axioscope 2 fluo-
rescent microscope (Zeiss, Thornwood, NY).

Tissue Harvest

Tissue from the liver and kidneys were excised and
quickly rinsed in PBS, and they were snap-frozen in liquid
nitrogen for TranSignal experiments and for RNA isola-
tion. Tissues harvested for immunofluorescence were first
immersed in Tissue-Tek OCT Compound (Electron Mi-
croscopy Sciences, Hatfield, PA), frozen on dry ice, and

stored at �80°C.
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Gene Expression Analysis

Total RNA was isolated from tissue using the Qiagen
RNeasy purification (Qiagen, Valencia, CA) procedure
according to the manufacturer’s instructions. Reverse
transcription (RT) was performed on 1 �g of total RNA
with oligo d(T) and the SuperScript III Reverse Transcrip-
tase kit (Invitrogen, Carlsbad, CA). The cDNA level of the
various murine genes examined in this study was deter-
mined using appropriate TaqMan probes and normalized
to the expression of the Glyceraldehyde 3-phosphate
dehydrogenase (Gapdh). All real-time PCR were per-
formed with the ABI 7300 (Applied Biosystems, Foster
City, CA), and each sample was analyzed in triplicate.

Hydrodynamic Tail Vein Injections and
Luciferase Assays

To validate in vivo the activity of the Abcc6 promoter
region used in this study, luciferase-conjugated (Firefly
luciferase) reporter constructs were injected in 3-month-
old C57BL/6J wild-type (WT) mice using the hydrody-
namic tail vein injections procedure. We have previously
described the Abcc6 promoter reporter constructs23

used in this study (pGL�162/�152 and pGL�2926/
�152). The tail vein injections were performed with
a 27-gauge needle with a volume of 1 to 2 ml of DNA in
a solution of PBS. Mice were injected with 50 �g of a
plasmid carrying a reporter construct and 25 �g of a
vector expressing the renilla luciferase under the control
of the SV40 promoter (pRL-SV40), which was used as a
positive reference. For negative controls, the pGL3-basic
(Promega, Madison, WI) was used. The pRL-SV40 was
also used as a control of DNA transfer efficiency in the
liver, kidneys, and spleen. These tissues were collected
from each injected mouse 7 hours postinjection for the
luciferase assay. Tissues were homogenized in the fol-
lowing buffer (250 mmol/L sucrose, 5 mmol/L HEPES, pH
7.4, 1 mmol/L EDTA) (Complete Protease Inhibitor Cock-
tail, Roche, Mannheim, Germany), centrifuged, and the
pellets were resuspended in a lysis buffer (20 mmol/L
HEPES, pH 7.4, 25% glycerol, 0.42 M NaCl, 1.5 mmol/L
MgCl2, 0.2 mmol/L EDTA, 0.5 mmol/L dithiothreitol) con-
taining protease inhibitors. Both firefly and renilla lucifer-
ase activities were measured using Turner Designs Lu-
minometer Model TD-20/20 Genetic Reporter System
(Promega, Sunnyvale, CA). The transfection efficiency
was normalized to the renilla luciferase activity and the
quantity of total proteins in tissue extracts. The relative
luciferase activity was defined as the ratio of firefly/re-
nilla/mg of tissue extract protein. Each assay was per-
formed in triplicate.

Protein/DNA Array

The �2926/�152 bp promoter fragment was amplified
using the primers 5=-GGGGTACCTGACTCA-
CATATTTCACGCC-3= and 5=-GGGGTACCGTTTGTCT-
TACAGCTTCCCG-3=. The PCR product was verified by
direct sequencing. This PCR fragment corresponding to

the mouse Abcc6 promoter region was digested with
KpnI and subsequently labeled with biotin using Bio-16-
dUTP (Roche) and a terminal transferase (New England
Biolabs, Beverly, MA). The labeled product was isolated
with streptavidin magnetic beads according to the man-
ufacturer’s instructions (Roche). The promoter fragments
coupled to magnetic beads were then incubated with 500
�g of nuclear extracts from the liver for 2 hours at 4°C in
the presence of an excess of dC-dI to prevent nonspe-
cific binding (Amersham Pharmacia). Nuclear extracts
were prepared from the liver using a nuclear extraction kit
(Panomics, Fremont, CA). After several washes, the
bound proteins were dissociated from the promoter DNA
fragments using an elution buffer [20 mmol/L Tris-HCl, pH
8, 1 mmol/L EDTA, 10% glycerol, 1 mmol/L 0.01% (v/v)
dithiothreitol, Triton X-100, 2M NaCl]. The transcription
factors (TFs) pulled down with this method were identified
by Transignal Protein/DNA array (Panomics). Hybridiza-
tion signals were visualized by chemiluminescence and
X-ray film. Array hybridization was performed in dupli-
cate.

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation assays were performed
according to standard protocol with some modifica-
tions.24 Tissues were fixed with 1% formaldehyde for 15
minutes at room temperature and the cross-linking was
then stopped with a solution of 125 mmol/L of glycine.
Tissues were homogenized, the cells were lyzed, and the
pull-down nuclei were resuspended in nuclear lysis buf-
fer. Cross-linked chromatin was sheared by sonication to
an average size of about 500 bp, which was visualized by
electrophoresis on a 1% agarose gel. The soluble fraction
of the chromatin fragments was then pre-cleared with
protein A/G agarose beads (Santa Cruz Biotechnology),
which was previously blocked with sonicated salmon
sperm. Aliquots from the supernatant (50 �g DNA) were
incubated with 2 �g of the appropriate antibodies (Santa
Cruz Biotechnology) overnight at 4°C. Immuno-com-
plexes containing the chromatin fragment were recov-
ered by centrifugation and washed with a succession of
lithium chloride and Tris-EDTA buffers. As a negative
control, an aliquot of the cross-linked chromatin was im-
munoprecipitated with nonimmunized control serum in-
stead of a specific antibody (designated as the NoAb
fraction). An aliquot of the supernatant obtained after
pre-clearing with protein A/G agarose was used as pos-
itive control (designated as the Input fraction). The immu-
noselected chromatin was eluted from the protein A/G
agarose and incubated at 65°C overnight to reverse
formaldehyde cross-links. The resulting immunoprecipi-
tated DNA was purified with a PCR product purification kit
(Qiagen) and was analyzed for specific enrichment by
quantitative PCR analysis. The quantification of the co-
immunoprecipitated promoter fragment was based on
Chakrabarti and colleagues.24 The relative proportions of
co-immunoprecipitated Abcc6 promoter were deter-
mined based on the threshold cycle value for each PCR
reaction. For each TF analyzed, samples were quantified
in triplicate from three independent immunoprecipita-

tions. A melting curve analysis was performed for each
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sample after PCR amplification to ensure that a single
product was obtained. The primers used to amplify the
proximal promoter region of Abcc6 have been previously
described.23 For these experiments, a 7300 RealTime
PCR system (Applied Biosystems) was used. Each reac-
tion was performed in triplicate with the following condi-
tions: 50°C for 2 minutes; 95°C for 10 minutes; and 40
cycles of 95°C for 15 seconds, and 60°C for 1 minute.

Statistical Analysis

Data were analyzed with the statistical software PRISM
(GraphPad Software Inc, La Jolla, CA). Statistical analy-
ses were performed by using the two-tailed unpaired
Student’s t-test to determine statistical difference be-
tween the 2 groups. Results were expressed as mean �
SEM and considered significant for P � 0.05.

Results

Abcc6 mRNA Levels in Hbbth3/� Mice

To determine whether the altered physiology of Hbbth3/�

mice had an influence on Abcc6 expression, we first
determined the levels of Abcc6 mRNA in the tissues with
the most Abcc6 expression (ie, the liver and kidneys) for
a period of 14 months. This analysis was carried out
using real-time quantitative PCR. Figure 1 summarizes
the results obtained. In WT liver, Abcc6 expression was
readily detectable at birth and increased rapidly during
the first month to reach a plateau followed by a modest
increase at 14 months (Figure 1A). In WT kidneys, the
expression followed a similar trend and reached a gently
sloping plateau at 6 months (Figure 1B). In the liver of
Hbbth3/� mice, the profile of Abcc6 mRNA levels was
different (Figure 1A). Up to 6 months, the Abcc6 expres-
sion was somewhat lower than in WT mice, but the dif-
ference was not statistically significant (P � 0.5). How-
ever, beginning at 6 months, the Abcc6 expression
decreased significantly to an average of 82% of the WT
levels. At 10 months, Abcc6 expression had dropped to
55% of the wild-type levels and at 14 months, the mRNA
expression had further decreased to 44%. Despite levels
much lower than in the liver,12 the kidney expression
profile in Hbbth3/� mice presented no major difference
when compared to WT mice (Figure 1B) (P � 0.2). We
also evaluated the level of Abcc6 expression in the small
intestine at 10 months and found no change between WT
and Hbbth3/� mice (Figure 1C).

Our results showed that the Abcc6 gene expression in
Hbbth3/� mice is down-regulated specifically in the liver.
To determine whether these tissue-specific changes in
expression were unique to Abcc6, we examined the lev-
els of expression of selected ATP-binding cassette trans-
porters of the same subfamily (Abcc1, Abcc2, Abcc3,
Abcc5) in the liver of 10-month-old mice with the same
quantitative method (Figure 2). The hepatic expression of
Abcc1 and Abcc5 were very low, but quantifiable, with
similar levels observed in both WT and Hbbth3/� mice. Of
the 5 Abcc genes tested, the expressions of Abcc2 and

Abcc3 were proportionally the highest measured. Al-
though the expression levels of Abcc3 were unchanged,
those of Abcc2 showed a decrease of 30% (P � 0.05).

Abcc6 Protein Levels in Hbbth3/� Mouse

The levels of Abcc6 protein in the plasma membrane of
the liver and kidneys were also evaluated by Western
blotting to determine whether they followed the same
decrease as the Abcc6 mRNA (Figure 3). Because Abcc6
is located on the basolateral membrane of hepatocytes
and kidney cells, WT and Hbbth3/� tissue extracts were
subjected to ultracentrifugation to isolate the plasma
membrane. The signal intensity obtained after immuno-
blotting was quantified with a Kodak Gel Logic 200 im-
ager system (Carestream Health Inc, Woodbridge, CT).
In the fractions isolated from WT liver, Abcc6 proteins
were detectable at 1 month of age and the protein levels
increased significantly with time (not shown). Similar re-

Figure 1. Abcc6 gene expression in the liver, kidneys, and small intestine of
wild-type (WT) and �-thalassemia mouse model (Hbbth3/�) mice. Total RNA
was isolated from mouse liver (A), kidney (B), and intestines (C) of WT and
Hbbth3/� mice from birth to 14 months of age and was reverse transcribed.
Quantitative PCRs were performed using TaqMan probes (Applied Biosys-
tems, Foster City, CA) specific to mouse Abcc6 and Gapdh cDNA. Unit
represents the relative expression of the Abcc6 normalized to the house-
keeping gene in the liver (A) and in the kidneys (B). In C, Abcc6 mRNA levels
in the liver, kidneys, and small intestine were determined at 10 months of age
and normalized to WT levels. Standard errors are indicated. *P � 0.05.
sults were obtained with fractions isolated from WT kid-
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ney, although a 10-fold increase in total protein load (100
�g) compared to the liver was necessary to achieve a
reliable detection. During the age span examined, we
found that in Hbbth3/� mice, the Abcc6 protein levels in
liver decreased significantly between 1 and 6 months of
age, reaching 57% of the WT levels at 6 months and
24% at 10 and 14 months (Figure 3A) (P � 0.05).
Similar to the kidney gene expression, we found that
the renal fractions isolated from Hbbth3/� mice showed
no major difference at each time point when compared
to WT levels (Figure 3B).

Because the membrane localization of Abcc6 at the
basolateral side is important for its nominal function, we
also verified whether the cellular localization of Abcc6 in
Hbbth3/� mice was also altered. We performed immuno-
histochemistry with frozen sections of the liver and kidney
of both knockout and WT mice. The results are illustrated
in Figure 4. The plasma membrane localization of Abcc6
in normal mouse liver was evident at all ages, with a
somewhat higher intensity in adult mice. However, the
immunostaining patterns of Abcc6 in liver sections of

Figure 2. Comparison of expression levels of Abcc1, Abcc2, Abcc3, Abcc5,
and Abcc6 in the liver of 10-month-old wild-type (WT) and �-thalassemia
mouse model (Hbbth3/�) mice. Total RNA was prepared from mouse liver of
WT and Hbbth3/� mice (as described in the Materials and Methods section) and
reversed transcribed. Quantitative PCRs were performed using TaqMan probes
(Applied Biosystems, Foster City, CA) specific to mouse Abcc1, Abcc2, Abcc3,
Abcc5, Abcc6, and Gapdh cDNA. Units represent mRNA levels relative to the WT
Abcc6 expression level. Standard errors are shown. *P � 0.05.

Figure 3. Western blot quantification of Abcc6 protein levels in the liver an
plasma membranes from WT and Hbbth3/� mouse liver (A) and kidney (B) we
gel, transferred into nitrocellulose membrane, and probed with an antibody rais

intensities were quantified with a Kodak Gel Logic 200/Kodak 1D and associated so
included. The results are shown with standard errors and relative to WT levels at each
Hbbth3/� mice were dramatically changed (Figure 4A).
Indeed, the liver sections of Hbbth3/� mice revealed a
weaker signal for Abcc6 at 6 months. At older ages, the
immunostaining signals were clearly diminished when
compared to WT liver and were limited to small sections
of the plasma membrane. Although localized onto the
basolateral membrane, Abcc6 did not present a uniform
localization around the plasma membrane, but rather a
spotty and interrupted distribution, which was consistent
with the lower amount of Abcc6 in liver determined by
Western blotting. Similar to the previous results, the kid-
ney sections displayed apparently normal intensity and a
typically diffused signal11 for Abcc6 in Hbbth3/� mice
(Figure 4B).

Transcription Factors

Similarities between Abcc2 and Abcc6 Promoters

Although the down-regulation of Abcc2 expression
in liver was modest compared to that of Abcc6, it was
statistically significant. This suggested that promoters of
these genes both responded to similar stimuli from the
thalassemia physiology, perhaps via comparable regula-
tory signals. The regulatory sequences of the mouse and
human Abcc2/ABCC2 and Abcc6/ABCC6 have been pre-
viously studied,25,26 and the published sequences al-
lowed an in silico comparative analysis (not shown). We
have previously shown that Sp1, HNF4�, and NF-E2 are
key transcriptional regulators of the mouse Abcc6 expres-
sion, whereas others have demonstrated the transactiva-
tion potential of NF-�B27,28 for the human ABCC6 gene.
We found an overall similarity in TF-binding sites and their
respective distribution, upstream of the initiator codon in
both Abcc6 and Abcc2 genes. The presence of multiple
NF-E2 binding sites in the distal region of both promoters
is particularly interesting because this TF plays a major role
in the transactivation of Abcc6,23 and this also suggests that
it may play a role on the transcriptional regulation of Abcc2.
Similarly, the binding sites for Sp1, HNF4�, NF-�B, and
MTF-1 are present on both regulatory sequences in similar

ys of wild-type (WT) and �-thalassemia mouse model (Hbbth3/�) mice. The
ed at 1, 6, 10, and 14 months. Proteins were separated onto a 7% polyacrylamide
st Abcc6 (Santa Cruz Biotechnology, Santa Cruz, CA). The Western blot signal
d kidne
re isolat

ed again

ftware (Carestream Health Inc, Woodbridge, CT). Representative images are

age. *P � 0.05.
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order, which suggested that Abcc2 and Abcc6 might share
some regulatory signals.

TF Profiling of Abcc6 Promoter in Normal and
Hbbth3/� Mice

In the liver of Hbbth3/� mice, we found an age-depen-
dent decrease of Abcc6 mRNA and protein levels. Be-
cause the changes in Abcc6 levels could result from
modifications of transcriptional regulation, we investi-
gated potential alterations in TF binding patterns on the
Abcc6 promoter in the liver of Hbbth3/� mice. To initiate
the functional analysis of the Abcc6 promoter, we first
confirmed that the promoter construct we previously de-
scribed23 was fully functional in vivo in the liver of WT
mice. We compared these results with a minimally regu-
lated construct carrying only the promoter proximal re-
gion. The full-length construct encompassed nearly all
(�2.9 kb) of the intervening sequence between Abcc6
and a gene positioned upstream in a divergent arrange-
ment (Nomo1) plus 162 bp downstream of the start
codon. The shorter construct extended 152 bp upstream
and 162 bp downstream of the initiator codon. As we
planned to use tissue extracts to perform our study, we
tested the promoter activity of both constructs in the liver
of WT mice. We injected the reporter constructs in the
animals by hydrodynamic tail vein injection29 that
achieves a high level of gene delivery in the liver and
other tissues. The results obtained showed that both pro-
moters were indeed functional in vivo and displayed a
higher activity in the liver than in the kidneys or spleen
(Figure 5). The proximal promoter construct (p�152/
�162) yielded the highest luciferase expression in the
liver (16-fold) when compared to the negative controls,
whereas the full-length (p�2926/�162) construct led to a
little lower level (9.5-fold) of luciferase expression (Figure
5). A significant promoter activity of the proximal frag-
ment (�152/�162 bp) was detected in kidneys (2.3-fold)

Figure 4. Immunofluorescent detection of Abcc6 in the liver and kidney of
orescent labeling of Abcc6 in the liver (A) and kidney (B) of WT and Hbb
polyclonal antibody raised against Abcc6 (Santa Cruz Biotechnology, Santa C
nuclei of hepatocyte were counterstained with propidium iodide. Imaging w
Photoshop CS3 (Adobe, Adobe Systems, Inc, San Jose, CA). A: Compariso
Hbbth3/� mice (lower panels). No obvious difference was visible at 1 month
and presented a punctuated appearance. The animal ages are indicated belo
are shown.
and in spleen (fourfold) despite a lower transfection effi-
ciency of these tissues, as determined by the use of the
pRL-SV40 control vector (data not shown). This is ex-
plained by the lack of most of the regulatory elements
found upstream. In contrast, the full-length construct
(�2926/�162 bp) produced little luciferase activity in the
kidneys or spleen.

Then we determined if the profiles of the liver TF bind-
ing to the �2926/�162 bp Abcc6 promoter sequence
were similar in WT and Hbbth3/� mice. For this experi-
ment, we used the TranSignal technology (Panomics).
Nuclear proteins were extracted from 10-month-old WT
and Hbbth3/� mouse livers. We used the �2926/�162 bp
fragment to isolate TFs binding to this promoter region.
The profile of these TFs was determined using the Tran-
Signal protein/DNA arrays I and III containing 54 and 94
transcription factors, respectively (Supplemental Figure

pe (WT) and �-thalassemia mouse model (Hbbth3/�) mice. The immunoflu-
ce was performed on frozen sections. Representative images are shown. A
) was used in combination with an Alexafluor 488 secondary antibody. The
ormed with a fluorescent microscope and the images were processed with
unofluorescent signals for Abcc6 in the liver of WT (upper panels) and

whereas the membrane signals at 6, 10, and 14 months were clearly reduced
ages and scale bars [25 �m for the liver (A) and 50 �m for the kidney (B)]

Figure 5. The mouse Abcc6 promoter constructs are functional in vivo. The
promoter construct (50 �g), p�152/�162 bp, and p�2926/�162 bp were
linked to a luciferase reporter gene and the positive control (25 �g) and
pRL-SV40 were co-injected by hydrodynamic tail vein injection with phos-
phate-buffered saline (volume, 1 ml) in wild-type (WT) mice. For negative
controls, WT mice were co-transfected with the pGL-3basic vector. The
relative luciferase activity was normalized to the renilla luciferase activity.
wild-ty
th3/� mi
ruz, CA
as perf

n of imm
of age,
The data are shown relative to the promoterless pGL-3 basic vector with
standard errors (n � 3).
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S1A, see http://ajp.amjpathol.org). Because the �2926/
�162 bp fragment encompassed the entire diverging
region between Abcc6 and Nomo1, we expected the TF
profile to include those specific to both genes.

Supplemental Figure S1B (see http://ajp.amjpathol.org)
summarizes the 24 TFs with the highest signals identified
in the pull-down extracts from WT liver extracts. The
�2926/�162 bp promoter region displayed a consen-
sus-binding sequence for half of the identified TFs. Inter-
estingly, the consensus sequence for Stat4, TR, RAR,
GRE, E2F1, and PYR was not found on the Abcc6
promoter, whereas these TFs displayed strong hybrid-
ization signals (Supplemental Figure S1A, see http://
ajp.amjpathol.org). The experiment was replicated with
TFs extracted from the liver of Hbbth3/� mice and pulled
down with the same �2926/�162 bp promoter region.
The comparison of TF patterns between WT and Hbbth3/�

mice revealed that the same transcription factors were
identifiable, but most displayed lowered signal inten-
sities, which was reproducible with a second set of
array assays (Supplemental Figure S1A, see http://ajp.
amjpathol.org). Ten TFs with large reductions in signal
intensity were identified (E2F1, GRE, HNF4, NF-E2,
Stat-4, TR, USF-1, CEA, CREB2, WT1) while a single one
(MTF-1) had a slight increase. This was particularly in-
teresting becuse we previously showed that two of the
down-regulated TFs (HNF4� and NF-E2) are important
transcriptional activators of the mouse Abcc6 expres-
sion.23 Note that NF-E2 is in fact a heterodimer composed
of two subunits of 45 kDa and 18 kDa. The gene coding
the 18-kDa subunit is widely expressed, whereas that of
the 45-kDa subunit is restricted to erythroid precursors
and the liver.23,30

These results suggested that the down-regulation of
the Abcc6 gene in Hbbth3/� mice might be mediated by
an altered binding of transcriptional activators on the
Abcc6 promoter. To confirm these results, using a com-
bination of chromatin immunoprecipitation assay and
quantitative PCR,23 we quantified the specific association
of NF-E2 and HNF4� (as well as Sp1 and HNF1� for
control purposes) to the Abcc6 promoter in liver samples
from WT and Hbbth3/� mice. We also chose to examine
MTF-1, as it was the only TF showing an apparent increase
in binding. In WT liver extracts, we found that the relative
amount of DNA pulled down with antibodies to NF-E2, Sp1,
and HNF4� were 1.5- to 2.5-fold greater than those in neg-
ative controls, indicating an association of these TFs with
the Abcc6 proximal promoter (Figure 6). As ex-
pected,12,23 pull-down results obtained with HNF1� and
MTF-1 showed no major association. When chromatin
immunoprecipitation assay was carried out with Hbbth3/�

liver extracts, we found similar results for HNF1�, Sp1,
and HNF4� when compared to WT levels (Figure 6).
However, the relative association levels of NF-E2 with
the Abcc6 promoter were dramatically decreased in
Hbbth3/� liver extracts, whereas that of MTF-1 showed a
slight increase, all consistent with the array data.

The levels of gene expression for p45-NF-E2 subunit
and MTF-1 were found to be similar in WT and Hbbth3/�
mouse livers (data not shown).
Ectopic Mineralization Phenotype of Hbbth3/�

Mice

Calcification of elastic fibers in the tissues that typically
affect Abcc6�/� mice31,32 was explored using von Kossa
and Alizarin red S staining. No obvious positive signs of
mineralization were found in the whiskers, vascular tis-
sues, eyes, kidneys, liver, and skin of Hbbth3/� mice from
birth to 14 months of age (data not shown).

Discussion

Typical PXE manifestations have been described in Med-
iterranean subjects with �-thalassemia and sickle cell
anemia with an unusually large prevalence.2 Because
this high prevalence (as much as 85%) for one or more
of the typical PXE lesions suggested a possible co-inheri-
tance of both conditions; we searched for causative mu-
tations in the ABCC6 gene in a small subset of patients
with clearly diagnosed �-thalassemia major and well-
characterized PXE symptoms, but no PXE mutation could
be detected. Therefore, we concluded that the develop-
ment of ectopic calcifications in the connective tissues of
�-thalassemia patients represented an acquired rather
than inherited condition.16 Others have previously
reached similar conclusions based on clinical observa-
tions, but none of these studies have established an
association between the most evident characteristics of
�-thalassemia (hemoglobin, serum ferritin levels, or even
chelation therapies) and elastic fiber calcification.2,33–39

More recently, iron overload of tissues and associated
oxidative stress found in hemolytic disorders was pro-
posed as a potential effector of elastic fiber damage,
notably in �-thalassemia. Indeed, excess of iron impairs

Figure 6. The transcription factors NFE2 and MTF-1 may be involved in the
differential expression of Abcc6 in the liver of �-thalassemia mouse model
(Hbbth3/�) mice. Soluble chromatin prepared from the liver of wild-type
(WT) (A, upper panels) and Hbbth3/� mice (A, lower panels) was immu-
noprecipitated with an antibody raised against the indicated transcription
factor. Negative control immunoprecipitations were performed with a non-
immunized control serum (NoAb). Chromatin preparations were analyzed
for specific enrichment by PCR (A) and measured by quantitative PCR (B)
using a pair of primers covering the promoter region of interest. For a

positive control, chromatin extracts before immunoprecipitation (Input) was
amplified in parallel. Standard errors are shown. *P � 0.05.
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elastic fibers both at the transcriptional and protein syn-
thesis levels.40 Even if the effect of iron on elastic fibers
might contribute to the elastopathy of �-thalassemia, it
can hardly explain the complete clinical and structural
similarities of the symptoms with inherited PXE. In fact, in
hereditary hemochromatosis, whether in human patients
or a mouse model, no ectopic calcification of the con-
nective tissue has been reported. Therefore, we hypoth-
esized that the pathomechanism for elastic fiber miner-
alization in �-thalassemia resulted from decreased
ABCC6 expression and/or altered protein function.

For this reason, we examined the production of Abcc6
(gene expression and protein synthesis) in a mouse
model of �-thalassemia (Hbbth3/�) during a 14-month
period of time. Although human and mouse ABCC6/
Abcc6 expressions have been observed in many tis-
sues,3,11,28 the bulk of the expression is found in the liver
and kidneys.12,41 The transcriptional regulation of
ABCC6/Abcc6 has been studied,27,42 and we have
shown that liver-specific modulators in combination with
a synergistic effect between DNA methylation and Sp1
determine the mouse Abcc6 expression.12,23 In the pres-
ent study, we found that Hbbth3/� mice showed a pro-
gressive decrease in Abcc6 expression associated with a
reduction of Abcc6 protein levels. Because this decrease
was liver specific, it was probably caused by the tran-
scriptional elements involved in tissue specificity. Using
protein/DNA arrays, liver nuclear extracts, and 2.9 kb of
the Abcc6 promoter region, we identified 24 putative TFs
that could potentially play a role in the down-regulation of
Abcc6 in Hbbth3/� mice. Interestingly, 4 of these TFs
(AP-2, USF-1, EGR, and NF-E2) were also found to bind
the human ABCC6 promoter,27 which suggested that the
regulation of the mouse Abcc6 gene differs little from that
of the human ABCC6 gene. Of note, both NF-E2 and
HNF-4�, which are essential modulators of the hepatic
expression of Abcc6, were detected by the protein/DNA
array. In contrast, Sp1 was not detected despite the fact
that it is required for the Abcc6/ABCC6 expression in
humans and mice.12,23,27 This discrepancy probably re-
sulted from cross-hybridization between families of TFs,
which recognize similar consensus sequences. Indeed,
the Sp1, EGR, p53, and WT1 transcription factors are
known to bind similar GC-rich DNA sequences.43–45 The
liver extracts from the Hbbth3/� and WT mice gave differ-
ent patterns on the protein/DNA arrays (Supplemental
Figure S1, see http://ajp.amjpathol.org), confirming that
the down-regulation of Abcc6 gene expression in liver
probably occurred at the transcriptional level. We notably
found that NF-E2 was no longer interacting with the
Abcc6 promoter of 10-month-old Hbbth3/�mice, an age at
which the gene expression is significantly decreased.
The absence of NF-E2 on the Abcc6 proximal promoter
suggested that either a change in the overall promoter
conformation prevented the binding of certain TFs or the
NF-E2 heterodimer was unable to form despite appar-
ently normal gene expression levels. Another possibility
was that NF-E2 might be heavily recruited for extramed-
ullary expression of hemoglobin and other genes as a
compensatory mechanism. However, because NF-E2 is a

key regulator of many genes involved in iron homeosta-
sis, heme biosynthesis, and globin protein synthe-
sis,12,23,27,30 which are largely altered in �-thalassemia, it
is possible that the function of Abcc6 might be related to
one of these functions.

To determine whether the tissue-specific down-regu-
lation of Abcc6 in Hbbth3/� mice was also gene-specific,
we examined the level of expression of other ATP-binding
cassette transporter genes of the same family (Abcc1,
Abcc2, Abcc3, and Abcc5). Of those four genes, only
Abcc2 showed a slight, yet statistically significant, down-
regulation. Similarities between the promoters of Abcc6
and Abcc2, notably the presence of several putative NF-
E2-binding sites, may be the reason for this decrease.
Therefore, it is possible that Abcc2 also responded to the
same NF-E2-related molecular signal(s) as Abcc6. The
down-regulation is also worth noting because of the re-
sults recently published by Hendig and colleagues,46

which showed changes in ATP-binding cassette trans-
porter gene expression in response to ABCC6 knock-
down (siRNA) or knockout (PXE fibroblasts). In this re-
port, the human ABCC2 is up-regulated in response to
ABCC6 down-regulation or absence. Although appar-
ently contradictory to our results and those of Li and
colleagues,47 the context of Hendig’s work was quite
different and precludes a direct comparison of the re-
sults. Our data were obtained from liver tissues while their
investigation was performed with cultured skin fibro-
blasts. However, both studies indicate that there might be
common attributes in the regulation and/or functions of
ABCC2/Abcc2 and ABCC6/Abcc6.

Because the human and mouse ABCC6/Abcc6 genes
share comparable transcriptional regulators,23,27,42 it
is reasonable to propose that a down-regulation of
ABCC6 expression, similar to the decrease we described
in Hbbth3/4 mice, also occurs in human patients with
�-thalassemia. This may ultimately lead to the progres-
sive development of PXE manifestations in some of these
patients.

One could argue to the contrary because the Hbbth3/4

mice did not develop an ectopic calcification phenotype
in the time frame of our study. However, there are two
major arguments supporting our claims: i) the Abcc6
protein decrease occurred progressively and became
only significantly lower than the WT expression in old
mice, and ii) the C57BL/6J background in which the
Hbbth3/�deletion resides is not as conductive to mineral-
ization as other congenic strains, such as C3H/HeJ, DBA/
2J, or 129S1/SvJ.48,49 The latter strains develop severe
dystrophic calcification after cardiovascular cryoinjuries,
ischemia, or diet stimuli,50 which is a phenotype referred
to as DCC. By examining F2 intercrosses of resistant
mice C57BL/6J and susceptible animals C3H/HeJ, Ivan-
dic and colleagues51 identified a major susceptibility lo-
cus (Dyscalc1) on chromosome 7 and additional minor
Dyscalc loci (Dyscalc2 to 4) on chromosomes 4, 12, and
14. Within the Dyscalc1 locus, a single Abcc6 mutation
caused a 65% constitutive decrease in Abcc6 protein
levels in liver and is directly responsible for the DCC
phenotype.48,52 These three modifier loci that affect the
penetrance and expression of the DCC phenotype50 and

the Abcc6 DCC gene variant are all absent in the com-
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mon C57BL/6J strain, thereby explaining the relative “re-
sistance” of the C57BL/6J to dystrophic mineralization.
Interestingly, the DCC mice develop discrete mineraliza-
tion in several tissues (unpublished data from L.M. and
personal communication from Drs. O. Vanakker and Z.
Aherrahrou), and these results clearly indicate that a
combination between a specific genetic background and
lower Abcc6 expression lead to increased susceptibility
to calcification.

The Hbbth3/�mice used in the present study were not
subjected to cardiac cryoinjuries, but this would certainly
be a valuable experiment to confirm the role played by
this ATP-binding cassette transporter and genetic back-
ground in the modulation of soft tissue mineralization.
Also, the Hbbth3/�mice could be crossed into the C3H/
HeJ background to verify if combining both the DCC and
thalassemia genotypes would lead to a further increase in
susceptibility to connective tissue mineralization similar
to PXE. From the DCC mice results48,49 and the present
study, it is clear that the level of ABCC6/Abcc6 transport
activity in the liver is an influential modulator of calcifica-
tion that expresses its potential in defined genetic con-
texts, not only with respect to PXE but also in regard to
other pathologies involving ectopic mineralization. It is
perhaps for these reasons that PXE manifestations have
been reported with high prevalence in �-thalassemia pa-
tients of Greek and Italian descent.

In summary, our study showed a significant, progres-
sive and liver-specific decrease of Abcc6 production in
Hbbth3/� mice. This down-regulation appeared to be me-
diated by changes in the transcriptional regulation of
Abcc6. Despite the lack of obvious connective tissue
mineralization in these mice, our study nevertheless sug-
gested that the human �-thalassemia phenotype could
induce similar molecular changes leading to a subopti-
mal ABCC6 endowment and increased susceptibility to
dystrophic mineralization in dermal, ocular, and vascular
tissue.
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